Conventional pixel correlation tracking generates subpixel noise
To test how much error can occur in our TFM setting, we created synthetic bead images in which Gaussian-profiled beads were randomly placed ( Supplementary Fig.  12a ). By applying a displacement calculated from a known force field, we also created a bead image of the deformed substrate ( Supplementary Fig. 12b ). To both images, we added a 5% white noise. We then calculated a displacement field of all detected beads using conventional pixel correlation with subpixel fitting (PCSF) ( Supplementary Fig.  12a -e). In this method, after a correlation score is computed on the pixel-grid ( Supplementary Fig. 12c ), nine points (3x3 pixels) about the correlation maximum ( Supplementary Fig. 12d ) were used for parabolic fitting to interpolate the position of the maximum score and thus the template displacement shift with sub-pixel precision ( Supplementary Fig. 12e ). Even in the case of a zero displacement, i.e. using identical bead positions PCSF generates errors of up to 0.2 pixel due to asymmetry in the subsampled correlation scores ( Supplementary Figs. 12d ,e). This error was maintained or even increased when other fitting surfaces (e.g. Gaussian or cosinusoidal) were used for interpolation (data not shown).
Subpixel correlation by image interpolation (SCII) tracking produces less measurement uncertainty than pixel correlation with subpixel fitting (PCSF) tracking
The correlation peak is usually very sharp if a small correlation window is used (Fig.  16 c-e) . Whereas the sharpness of the peak produces a more accurate tracking result at the pixel-level resolution, it causes larger uncertainty in the subpixel interpolation step 1 . The interpolation accuracy increases with finer sampling of the score function about the peak position. To supply denser sampling, we applied subpixel correlation by image interpolation (SCII), in which both the template image (in the image of the relaxed substrate) (Supplementary Fig. 12f ) and interrogation image (in the image of the deformed substrate) ( Supplementary Fig. 12g ) were linearly interpolated by a factor of ten. Accordingly, correlation scores can be calculated on a grid with a spacing of 0.1 pixel ( Supplementary Fig. 12h ) to generate ten-fold increased sampling about the correlation peak ( Supplementary Fig. 12i ). A side effect of SCII is that the score function is also smoother than the one in PCSF. Thus, as second order approximation of the score function by a parabolic fit is appropriate to determine the sub-sampled location of the score maximum. We performed parabolic interpolation with only 9 points (0.3 x 0.3 pixel) around the peak, which yields an error of up to 0.002 pixel, two orders of magnitude smaller than the error in PCSF (Supplementary Fig. 12j ). It is worth noting that in our tests linear interpolation yielded the best accuracy among linear, cubic and spline interpolation, and image enlargement by a factor larger than ten did not further improve the tracking result (data not shown).
Adhesion forces in small impact regions (<d=0.5 μm) are identifiable only by tracking with SCII
To investigate how the increased precision of bead displacement measurements by SCII boosts the resolution of traction in small adhesions vis-à-vis the traction derived from PCSF-based displacement measurements, we simulated a variety of stress fields containing a single circular area of traction impact, referred to as traction impact region. We varied the traction magnitude and diameter of the area to synthesize bead images at rest and under load and tracked the deformation by PCSF or SCII ( Supplementary Fig.  12k-v, Online Methods) . We reconstructed the stress field using conventional TFM method 2, 3 -L2 norm-based, 0 th order regularization -with a constant regularization parameter in order to be consistent among all measured displacement fields. In the case of a large traction impact region (e.g. d = 20 pix = 1.4 µm), displacements measured were similar for both PCSF and SCII ( Supplementary Fig. 12l vs. 12m) , and so were the reconstructed traction fields (Supplementary Fig. 12n vs. 12o) . However, when a traction with the same magnitude is applied over a small region (e.g. d = 4 pix = 0.3 µm, Supplementary Fig. 12p ), the displacement field tracked by PCSF in the background had some spikes whose magnitudes were comparable to those found in the traction impact region (Supplementary Fig. 12q ). In contrast, SCII displayed significantly less displacement in the background, providing sufficient foreground to background contrast for detection of the original traction impact (Supplementary Fig. 12r ). This transferred then also to the reconstructed traction maps ( Supplementary Fig. 12s vs. 12t) .
To assess the quality of each tracking method, we measured the root-mean-squared (RMS) error in the reconstructed stress relative to the simulated reference stress field ( Supplementary Fig. 12u ). As expected, the stress field reconstructed based on SCII tracking data was much more accurate than the one reconstructed based on PCSF tracking data. The RMS error increased with traction impact region diameter because the number of non-negligible traction vectors increased with increasing traction impact area.
The traction RMS error represents an overall deviation but does not quantify how much the traction on the adhesion is above the tractions on non-adhesion area. To quantitate this, we defined force detectability as the ratio between stress magnitude in the center of a traction impact region and the maximal stress in the background (Online Methods). We determined the detectability for a range of traction impact region diameters, each loaded with a constant stress of f = 400 Pa. While for both PCSF and SCII tracking methods the force detectability increased with the adhesion diameter ( Supplementary Fig. 12v ), the rate of increase was higher for SCII than for PCSF: Using SCII tracking data, stresses on a traction impact region as small as 6 pixel or 0.43 µm were detectable at a foreground to background ratio of at least 2 whereas tractions reconstructed from PCSF tracking data were only detectable in traction impact regions bigger than 9.5 pixel or 0.68 µm in diameter ( Supplementary Fig. 12v, arrows) .
SCII allows for less correlation length that guarantees better accuracy in tracking
Correlation-based tracking of the bead displacements requires an optimal choice of the template size. Too large windows lead to over-smoothing of the displacement field, whereas too small windows are accompanied by ambiguity in tracking and higher susceptibility to image noise. To determine the optimal template size, we measured the RMS error of the displacement field on the traction impact region -tracked with PCSF or SCII -for a range of sizes where 5 % or 10 % of white noise was added to synthetic bead images. The optimal template size with PCSF tracking was 15 pixels in 5 % noise (side length with lowest RMS; Supplementary Fig. 12w, blue solid line) . Surprisingly, with SCII tracking the RMS error continually decreased with templates of a side length down to 7 pixels ( Supplementary Fig. 12w, red solid line, arrowhead) . This shows that, in a low noise regime (5%), SCII tracking reduces the ambiguity of the displacement measurement. In a high-noise regime (10%), the optimal template side length for SCII tracking was higher (13 pixel), but still less than the one for PCSF tracking (17 pixel side length), and the optimal SCII template generated significantly lower RMS error than the optimal PCSF template ( Supplementary Fig. 12w, dashed lines) . Hence, SCII tracking increases the precision and spatial resolution of the bead displacement field. Accordingly, in both the 5 % and 10 % noise regimes the force detectability over a range of template sizes was substantially higher when using SCII tracking (Supplementary Fig.  12x ). With 5 % noise, SCII tracking yielded high force detectability at small template sizes ( Supplementary Fig. 12x, arrowhead) , implying that at reasonably low noise levels, SCII tracking provides excellent performance for tracking both large displacements in the traction impact area while reducing subpixel uncertainties associated with very small displacements in the background.
